In the early 1970s, Professor Dayananda developed a technique for the direct integration of fluxes from the concentration profiles in vapor-solid diffusion couples to determine diffusion coefficients and atomic mobilities. As part of a project to control and optimize the industrial carburization process in mild-and low-alloyed steels, a modified integration analysis was applied to determine the mass transfer coefficient in the gas boundary layer and carbon diffusivity in austenite. Because carbon flux and surface carbon content vary with time during single-stage carburizing even with a fixed carbon potential in the atmosphere, a mass balance at the gas-solid interface must serve as a boundary condition. This article discusses the numerical modeling of gas carburizing, and focuses on calculating the mass transfer and carbon diffusivity parameters using the simulated concentration profiles. This approach validates the proposed method by comparing the calculated parameters with those used in simulation. The results were compared with previous determinations and predictions reported in the literature.
Introduction
Carburization is one of the oldest heat treatments used for surface hardening. Nonetheless, it experiences certain challenges associated with the process performance and reliability. As part of the process control and optimization study of industrial gas carburizing, this article discusses modeling of the process and focuses on developing a method for calculating the coefficient of mass transfer at the gas boundary layer and the diffusion coefficient in steel during the process.
Carbon diffusivity is the main controlling parameter in the carburization heat treatment of steel, yet its value is difficult to measure. Often, the coefficient of carbon diffusion is determined from a model of a solid-solid diffusion couple. [1] [2] [3] The application of such models to carburizing invariantly introduces a certain level of approximation and uncertainty due to a rough, though convenient, assumption of constant surface concentration at the interface with time.
More accurate modeling of the gascarburizing process must account for mass transfer from the carburizing gas atmosphere to the steel surface, the surface reaction, and further carbon diffusion into the steel. Mass transfer in the gas atmosphere is the rate-limiting factor in the initial stages of carburizing, [4, 5] and carbon diffusion controls the process at longer times [6, 7] ; more often, however, carburizing is considered to be controlled by a combination of both factors. [8] [9] [10] [11] If these coefficients could be calculated from the 
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carbon concentration profile as a function of various process parameters, it would enable modeling and process control. This information could also be used for further process optimization.
The objective of this work was to develop a method for calculating the surface mass transfer and diffusion coefficients from carbon concentration profiles. The approach is based on the numerical modeling of the carburizing process. Carbon diffusivity and the mass transfer coefficient from the literature are used to simulate carbon concentration profiles, and a comparison with the calculated coefficients from these concentration profiles with the input concentration profile is then used for validation of the method. Once tested, this technique will be further applied to experimental data to determine coefficients for a range of steels of various composition and various process parameters.
Available Methods for Measuring Carbon Diffusivity
Carbon diffusivity in austenite was first measured by Smith [12] using the steady-state method. The experimental setup included a steel tube that was carburized on the inside by natural gas decomposition and decarburized on the outside by wet hydrogen. The flux of carbon atoms was measured under steady-state conditions by determining the number of carbon atoms per second carried by the wet hydrogen. Measuring the flux and carbon concentration profile, the coefficients of carbon diffusivities for a range of carbon concentration were determined.
Measurements of carbon diffusivity using diffusionannealed couples were studied by various researchers. [1] [2] [3] 13, 14] In their analyses, the coefficients of carbon diffusion were calculated from the concentration profiles using the Boltzmann-Matano method.
[15] The driving force for diffusion is the concentration gradient between the components of the diffusion couples and/or the differences in carbon activities due to the effect of alloying. While this approach to determining the coefficient of carbon diffusion in steel yields a good approximation of the diffusivity coefficient, it assumes a time-invariant carbon content at the interface of the two solids. When applied to carburizing, this assumption implies that there is no resistance barrier to carbon transfer in the atmosphere and that diffusion in the steel is rate limiting. As a result, we are often not able to explain the effect of variations in furnace parameters, such as temperature, atmosphere characteristics, and/or material-related parameters.
Dayananda [16] developed a method of direct flux integration, which allowed calculation of the intrinsic diffusivities in solid-solid and solid-vapor diffusion couples. Assuming negligible interactions between fluxes at the lattice fixed frame of reference, the intrinsic flux of species within the solid is defined as:
where C and M, respectively, are carbon concentration and atomic mobility of the component, Ѩ/Ѩx is the gradient in chemical potential, and N A is the Avogadro number. While the above equation is valid for all sections of the diffusion couple, the limitation to its usefulness, as noted by Dayananda, [16] is that the instantaneous intrinsic flux cannot be measured directly. To compensate for this limitation, a continuity equation was used that allowed an estimation of the cumulative intrinsic flux of atoms diffusing past the marker plane with time by integrating the corresponding area under the concentration profile:
where x 0 is the initial location of the interface between the two components of the diffusion couple, x ϱ is the depth beyond which no concentration gradient exists, and t is the diffusion time. Based on the assumption of constant surface concentration, application of the Boltzmann parameter and Fick's law of diffusion yielded:
The method of direct flux integration developed by Dayananda and colleagues [17] [18] [19] [20] [21] is extensively used in the analysis of solid-solid and vapor-solid diffusion couples. Considering the carburizing process as diffusion in a vapor-solid diffusion couple, the goal of this article is to develop a modified method for direct flux integration that would account for the surface boundary condition. As such, with slight modifications, the proposed method would allow one to calculate not only concentration-dependent carbon diffusivity but the mass transfer coefficient as well.
Kinetics of Carbon Transfer in Carburizing
The process of the gas carburizing of steel can be viewed as diffusion in a vapor-solid diffusion couple, as shown in Fig. 1 . [22] Carbon transfer from the atmosphere to the solid is determined by the rate-limiting process, which kinetically becomes the controlling stage of carburizing. The maximum carburizing rate is obtained when the carbon transfer from the atmosphere is equal or greater than the carbon diffusion rate in the solid state. Such a diffusion-controlled process has no deficiency of carbon supplied to the interface for its further transport into the solid. In this case, the assumption of constant surface carbon content can be justified. In practice, however, the carbon transfer from the atmosphere to the steel surface is often reported to be the rate-limiting factor, [4, 5] especially at the start of the carburizing process. After this initial stage, the process becomes mixed controlled, [8] [9] [10] [11] and should be modeled correspondingly. Carburizing can be modeled using a parabolic partial differential equation (PDE) for carbon diffusion in steel and 
